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The  U.S.  Ataiy  Roeercfa  Labonloiy  (ARL).  Mamnals  Dinctotme  (MD)  oonducfed  a 
BielritBigfcelenBaaatfoa  of  prototype  CMtuiitanpered  ductile  iron  (CADI)  task  track  riwe 
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Bacl'.ground 


Tfe  U.S.  Army  Tank-AuUMnodve  Command  (TACOM)  has  investigiited  the  possible  use  of 
Cist  austempered  ductik  iron  (CADI)  track  shoe  bodies  for  the  Ml  A.brams  and  Bradley 
Tanks.  An  FY90  TACOM  program  (CADI  Tank  Track)  called  for  the  development  of  CADI 
T-158  track  shoes  fw  use  on  the  Ml  Abrams  tank.  The  objective  of  the  track  shoe  program 
was  to  reduce  the  weight  and/or  cost  of  track  shoes  by  replacing  the  forged  parts  currently 
used  in  die  field,  with  those  fabricated  from  CADI.  A  competitive  contract  for  the  production 
of  T<!S8  track  shce  assemblies  with  CADI  shoe  bodies  was  awarded  to  a  contractor  on 
Sqpt(mr4>a^  26,  1590. 

An  entire  strand  of  the  T>1S8  track  with  the  CADI  shoe  bodies  was  delivered  to  Ft.  Greely, 
Alaska  fw  field  teeing  at  the  U.S.  Army  CtM  R^ais  Tett  C^ter.  Testing  consisted  of 
opoating  a  €3-toa  Ml/Al  battle  tank  dutmgh  nmbile  operations  over  a  variety  of  terrain 
during  the  winter^dod  of  1991-1992  [1].  One  sde  of  die  vdticle  haai  the  CADI  track  while 
the  normal  fidckd  back  (with  sted  shoes)  was  mounted  on  the  otter  side.  Temperatures 
Airing  the  test  period  rai^ged  from  +47HF  to  -S2^.  Daily  iniqiectioas  of  die  track  were 
pmformed  during  mdiility  testing,  and  fiuled  CADI  track  shoe  assemblies  wme  replaced 
needed.  Five  CADI  track  shoes  imkd  during  the  mobility  test  and  were  rqilaced.  Visible 
cracldr^  of  the  shoe  body  was  used  as  the  ^ure  criteria.  Two  »iditional  CADI  shoe  bodies 
were  found  to  be  aacked  durii^  the  final  infection  after  mobility  testing.  The  siccumulated 
mileage  of  each  fuled  track  oonponent  was  recmtkd. 

Aloi^  widt  the  CADI  T-158  riioe  bodks,  sevoal  odier  protAype  components  were  installed 
m  dm  vehide  during  the  cold  regiotts  fkki  test  A  mocfified  ice  cleat  design  ym  attached  to 
evmy  sixdi  track  stee  in  eadi  stnuid  during  die  mobility  testii^.  It  is  important  to  note  that 
ice  cleds  had  been  attached  to  every  CADI  T-IS8  track  shoe  body  which  foiled  at  Ft.  Greely. 
None  of  die  shoe  bellies  without  an  ice  cleat  attached  foiled.  After  cold  r^ons  testing,  the 
CADI  T-iS8  tradk  was  shipped  to  Yuma  Proving  Ground  (YPG)  for  additional  mobility 
testing.  Four  of  the  CADI  T-158  dMe  bodies  foiled  during  these  mobility  tests  at  YPG. 
Whether  these  foited  track  shoes  weiro  previously  fitted  with  ice  cleats  while  at  Ft.  Gredy  was 
tmreootded.  These  four  foilures  were  not  examined  in  this  investigation. 

After  sevend  months,  two  of  die  seven  foiled  CADI  track  shoe  bodies  (Ft.  Gredy)  were  sent 
to  die  U.S.  Army  Reseaidi  Lkboraiory-Materials  Directorate  (USARL-MD),  Watertown, 
MissadiuarSts,  for  post-service  analysis.  Figures  1  and  2  show  both  of  dmse  track  shoes  in  the 
esHteodved  oondition.  Hgure  1  riiows  Track  fL30<Ft  Gredy  designation  stamped  into  shoe), 
while  F^ure  2  draws  Trade  At6  (also  Ft  Gredy  designation).  Track  #IJ30  travelled  59 
Idlomelers  before  failure,  while  Tfock  1116  tnvdtod  1259  kilofneters  before  failure. 

iwHillfiltt  SPBBiMttMBUI 

The  foqged  sled  Ml  track  shoe  is  cunentiy  fobricated  per  U.S.  Army  Tank-Automotive 
Coounud  CTAOOM)  Ei^ineering  Drawing  No.  12348383.  This  drawing  requires  the 
materia!  to  be  sled,  forging  alloy  AISI 8640  or  AISI 8740  Grade  D,  according  to 
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MIL-S-46172.  The  foiled  stee!  is  subsequently  austenitized,  quenched  and  tempered  to  a 
hardness  of  30-37  HRC.  However,  the  track  shoes  under  investigation  were  fabricated  from 
CADI  to  Um  requirements  of  ASTM  A  897  P]  Grade  150/100/7.  The  dimensions  utilized  in 
the  frd}ric^on  of  the  track  shoes  by  the  contractor  are  slrawn  in  Figure  3.  These  dimensions 
were  listed  in  a  omtractor  rqwrt  which  was  generated  as  part  of  their  investigation  of  CADI  as 
a  track  shoe  alternative  material.  A  contracttm  rq)fesentative  verified  these  dimensions,  and 
also  in(l*cated  that  the  CADI  track  shoes  were  f^ricated  in  accordance  with  the  forged  steel 
drawing  (TACOM  Engineering  Drawing  12348383).  Initially,  CADI  Grade  175/125/4  (also 
known  as  Grade  3)  was  elected,  however,  this  was  revised  by  the  contractor  in  an  effort  to 
improve  toughitess,  while  maintaining  yield  and  tensile  prc^)erties  competitive  with  forged 
steel.  The  cast  ductile  iron  track  shoes  were  subsequentiy  austenitized  at  1650>F  for  1-1/4  hr. 
and  austempered  at  625>F  for  1-3/4  hr.,  for  a  target  hardness  range  of  341-444  BHN  (Grade 
3).  Specifrcation  A^TM  A  897  states  that  this  hardness  range  is  not  mandatory,  and  is  listed 
ftH*  infOTmatioa  only. 

Dimensional  Verification 

The  dimensions  of  the  track  shoe  were  inq)ected  near  the  fracture  origin  r^on  of  each  failed 
component.  Track  shoe  #L30  frdled  at  the  bolt  hde  on  the  ground  side  (the  only  track  shoe 
out  of  several  Mlures  to  exhibit  this  type  of  fracture),  while  track  shoe  #R6  cracked  along  the 
*binocular  tubes”  on  the  ground  side  (^  most  piominent  mode  of  fracture).  Figure  4  shows 
schematically  the  regions  where  the  dimensions  were  inspected  for  each  of  the  foiled  track 
shoes.  The  dimensions  for  these  areas  were  taken  from  the  rqx>rt  generated  by  the  contractor, 
which  contained  the  drawings  from  which  the  track  shoes  were  fabricated.  The  minimum 
allowable  thickness  of  material  adjacent  to  the  bolt  bole  (crack  initiation  locatitxi  of  Track 
#L30)  on  die  ground  sde  is  0.33  +0.04/*0.02  indi  (tokiance  taken  from  U.S.  Army 
Tank-Automotive  Command  (TACOM)  Engineeiing  Drawing  No.  12348383,  and  also  from 
tile  contracts  report).  This  thickness  narrows  to  0.20  +0.04/-0.02  inch  in  some  areas  on  the 
ground  side.  Track  shoe  #L30  met  the  minimum  thickness  requirements  in  this  region. 

The  minimum  allowable  thickness  of  material  in  tiie  center  boss  region  of  the  "binocular  tube" 
(crack  initiation  location  of  Track  #R6)  according  to  ttie  contractor  representative  is: 

f2.27"- (1.906" -t-O.OlS"!!  =  0.1745" 

2 

Again,  tiiis  is  the  same  minimum  sUowable  thickness  noted  on  TACOM  Engineering  Drawing 
No.  12348383  for  m.  forged  component.  Since  the  thickness  varied  around  the  diameter  of  the 
tube,  macrographs  were  taken  of  a  iqiresentative  cross  section  showing  the  area  of  minimum 
tiiickness  and  the  ground  side  thickness  for  Track  #R6.  Figure  5  shows  the  area  of  minimum 
thickness  of  track  shoe  #R6,  while  Figure  6  shows  the  thickness  at  the  ground  side.  The 
tiiickMSS  of  these  r^ions  was  measured  directly  from  the  photomicrogr^s,  at  a 
magnification  of  lOx.  The  thickness  results  are  listed  in  Table  1,  as  well  as  the  minimum 
allowable  criteria  frcm  TACOM  drawing  No.  12348383. 
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Table  1 

Track  Shoe  'Iluckness  Results 


Track  Shpg 

Rcgioo 

Thickness 

finchl 

Minimum  Allowable 
Ibigigifissiincb) 

#R6 

grmind  side 

0.153 

0.1745 

#R6 

minimum 

0.138 

0.1745 

The  thickness  measured  (the  ground  side  and  minimum  thickness)  at  the  "binocular  tube" 
region  of  track  shoe  ^6  was  below  the  minimum  requirement  specified  on  the  forged 
component  drawing  by  as  much  as  20%. 

ViaBl.E?Hminaiion-an4  Liebt  Optical  Migroscgpy..-  Track-Shoe  ^0 

Figure  7  shows  the  failed  half  of  dw  track  shoe.  The  location  of  the  crack  was  on  the  ground 
ade.  The  track  shoe  was  sectioned  in  order  to  examine  the  fracture  surfaces,  as  shown 
schematically  in  Figure  8.  These  fracture  surfaces  were  labelled  A,  B,  C  and  D  for 
idoitification  purposes.  Each  fracture  surface  was  covered  widi  a  vast  amount  of  corrosion 
products,  indicating  a  prolonged  exposure  to  the  environment.  Figure  9  shows  fracture  ftuxs 
A  and  B  le^wctivdy.  Fracture  Uct  C  is  shown  in  Figure  10,  while  fracture  face  D  is  shown 
in  Figure  11.  Although  the  fracture  faces  were  covered  with  corrosion,  fractogr^ic  features 
were  still  discemable.  The  chevron  patterns  and  river  markings  of  each  fracture  surface 
indicated  the  fracture  initiated  at  the  bdt  hole  (ground  side).  Figure  12  shows  a  magnified 
view  of  the  crack  through  the  bolt  hole  r^on  (ground  side).  This  hole  is  utilized  to  attach  the 
ice  cteat  to  the  track  shoe.  Hgure  13  shows  a  magnified  view  of  the  undersde  of  the  cracked 
bolt  hole  r^on  (wheel  side).  This  tide  was  examined,  in  order  to  reveal  anomalies  which 
may  have  contrilwted  to  crack  initiation.  It  was  noted  that  the  top  1/ 16  inch  of  this  hole 
contained  what  appeared  to  be  a  start  of  a  tiiread  (Figure  12).  The  TACOM  drawing  for  a 
forged  component  does  not  require  this  bolt  hole  to  contain  threads  or  a  chamfer,  as  it  is  solely 
a  tfarough-hde.  Figure  14  shows  the  comparison  between  the  bolt  hole  of  track  shoe  #R6  and 
that  of  track  shoe  #L30.  The  bolt  tide  of  track  shoe  #R6  contained  no  such  markings.  In 
addition,  significant  wear  was  noted  on  the  underside  of  the  hole,  most  likely  tlte  result  of  a 
washer  or  bcrit  head.  Magnetic  particle  inspection  was  performed  on  this  hole  to  reveal 
possible  evidence  of  cracking.  Figure  15  is  a  blacklight  photogr^  ^wing  the  wear,  as  well 
as  a  crack  (as  denoted  by  the  arrow) .  Figure  16  is  a  {rfx^micrograph  of  the  fracture  origin, 
as  noted  on  Fracture  Face  B.  Figure  17  ^ows  an  enlargement  of  the  crack  origin,  as  noted  on 
Fracture  Face  D. 
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F%iire  18  shows  the  fiuled  half  of  the  track  shoe.  The  crack  initiatioii  site  occurred  on  the 
ground  side  of  each  binocular  tube.  Figure  19  shows  an  end  view  of  the  cracking.  Figure  20 
adtematjcally  illustrates  die  mediod  of  sectioning  for  the  second  failed  track  shoe.  The 
ftacture  fines  were  labelled  A,  B,  C  and  D.  Segment  A1  broke  into  two  pieces  upcm 
sectioning,  and  was  labelled  as  Ala  and  Alb.  As  with  track  shoe  #L30,  the  fracture  surfaces 
were  heavily  corroded,  but  some  fractographic  features  were  still  discernible.  Figure  21  is  a 
montage  showing  fracture  face  A  and  fracuire  face  C.  The  chevron  pattern  and  river  markings 
indkated  the  fiacture  initiated  in  the  region  designated  by  the  arrow.  This  region  was  on  the 
ground  side  of  the  track  shoe.  Similariy,  Figure  22  is  a  montage  of  fracture  face  B  and  D. 
Again,  the  chevron  pattern  and  river  markings  revealed  the  fracture  origin  to  be  the  location 
designated  by  the  arrow.  Figures  23  and  24  are  magnified  views  of  the  fracture  origins  (from 
fracture  face  A  and  B  ,  req[)ectively).  No  obvious  surface  anomalies  were  noted  at  either  of 
die  fiacture  origin  sites. 
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The  fiacture  surfaces  of  each  of  the  failed  track  shoes  wm  examined  utilizing  the  scanning 
dectron  microscope.  Figure  23  shows  the  difficulty  encountered,  due  to  the  corroded 
surfaces.  This  {diotomicrograph  shows  the  "mud  cracking"  feature  of  the  surface.  The 
fiacture  surfixs  was  chemically  cleaned,  revealing  a  more  discernible  morphology.  Figure  26 
shows  die  fiacture  mOTfdiology  of  a  less  corroded  region.  Note  the  craters  where  the  graphite 
sphertnds  have  been  pulled  out.  The  surface  appears  to  have  failed  in  cleavage.  Areas  of 
ductile  dinqdes  were  noted,  and  are  shown  in  Figures  27  and  28.  These  dimples  are  associated 
widi  a  ductile  failure  which  could  occur  during  ovmload. 

For  coavpanAve  purposes,  the  fiacture  surfaces  of  laboratory  tested  tensile  and  impact 
^wdmens  were  examined  utilizing  die  SEM.  Both  the  tensile  and  impact  fracture  surfaces 
were  similar.  Figure  29  shows  the  fiacture  surfiu^  of  an  impact  specimen  at  low 
magnificatkm.  Note  the  graphite  ^rtmoids,  and  the  i»ts  left  by  the  pulled-out  spheroids. 
Figure  30  shows  this  r^on  at  higher  magnification.  Note  the  ductile  dimples  surrounding  the 
grqdiite  ^dioreiids. 

CJiemical  Analysis 

The  track  dioes  were  specified  to  be  fabricated  from  cast  austempered  ductile  iron  ccmforming 
to  die  requiranents  established  in  ASTM  A  897.  Although  this  specification  does  not  list 
qiecific  chemicai  requirements,  it  is  stated  that  such  requirements  may  be  agreed  upon  between 
numufiKSurer  and  the  purchaser.  The  chemical  compoational  requirements  established  by 
die  nuuiufacturers  are  list^  in  Table  2,  as  well  as  the  chmnistry  of  each  compmirat.  Atomic 
absmption  and  inductively  coupled  aigcm  plasma  emissimi  ^lectroscopy  were  utilized  to 
determine  die  chemical  compoation  of  the  alloy.  The  carbon  and  sulfur  contoit  was  analyzed 
by  die  Leoo  combustion  method.  Samples  r^resenting  a  "thick"  and  "thin”  section  of  the 
castii^  woe  analyzed  from  each  of  die  two  failed  track  shoes.  In  general,  the  compositicm  of 
the  material  under  investigation  compared  favorably  with  dm  acceptable  criteria,  although  the 
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silkoo  content  of  each  track  slK)e  was  slightly  higher  than  specified.  Also  noted,  was  the  fisict 
diat  dirtmiium,,  mdybdenum,  titanium  and  cc^^  were  all  higher  than  the  residual  criteria  for 
each  track  shoe.  High  levels  of  these  elements  may  be  attributed  to  the  scrap  iron  used  in  the 
ADI  mdt  The  material  from  Track  #30  Thin,  had  an  jd>normally  high  chromium  level,  which 
was  very  much  in  excess  of  the  residual  acceptance  criteria.  Although  having  minimal  affect 
on  mechanical  properties,  this  excess  in  particular  elements  suggests  a  poor  chemical  control 
on  bdialf  of  the  manufacturer. 


Table  2  Clumrical  Compoa^ons 
Weight  Percent 


Element 

Track  #L30 

Track  #L3e 

Track  #R6 

Track  #R6 

Acceptance 

Bin 

Bi£k 

Bin 

Bick 

Criteria 

Cariwo 

3.70 

3.72 

3.63 

3.64 

3.2-3.8  AIM  3.6 

SiUcoii 

2.70 

2.83 

3.04 

2.98 

2.45-2.65  AIM  2.50 

Mangnese 

0.090 

0.084 

0.089 

0.094 

0.30  max. 

Fbaaphonia 

0.024 

0.014 

0.016 

0.020 

0.03  max. 

Sulfor 

0.002 

0.006 

0.005 

0.006 

0.015  max. 

Nickel 

1.31 

1.37 

1.49 

1.47 

1.2-1. 5 

Quomfum 

0.12 

0.057 

0.052 

0.061 

reskhial 

Molybdemim 

0.004 

0.002 

0.002 

0.002 

residiial 

Utaoiiiiii 

0.(»0 

0.026 

0.026 

0.030 

reaidiial 

Copper 

0.029 

0.031 

0.023 

0.021 

residiial 

Mi^wanun 

0.0S0 

0.040 

0.040 

0.050 

AIM  0.035 

Iron 

remainder 

remainder 

remainder 

remainder 

remainder 

Regions  refxesenting  "diin"  and  "thick"  areas  of  the  casting  were  sectioned  from  each  of  the 
Med  track  shoes  amd  prqtared  for  metaUographic  examiniuitxi,  as  shown  schemadcally  in 
Figure  31.  This  diagram  shows  a  total  of  deven  samfries  which  were  sectioned  from  a  portion 
of  failed  track  shoe  #L30  for  metaUographic  sam{ries  and  retained  austenite  measurmnent 
smnpfes.  Similar  q)ecimens  wme  sectioned  frrnn  track  shoe  #R6.  Examination  in  the 
as-p(diriied  condition  and  at  low  magnification  (12.5x)  revealed  a  very  large  riirinkage  cavity 
wi^  a  thidt  r^on  from  track  shoe  #L30,  as  shown  in  Figure  32.  The  graphite  sj^ieroids 
were  shown  to  be  evenly  distributed  within  tte  matrix  (Figure  33).  The  nodules  dii^er  in  size 
significantly  which  suggests  dtat  some  may  have  formed  early  in  the  casting  process  while 
otfier  formed  later  by  post  inoculation.  However,  tlK  difference  in  sizes  could  also  be  due  to  a 
"slicing  effect",  in  which  different  portions  of  the  randomly  distributed  nodules  were 
sectiooed.  In  addition,  some  flaked  nodules  were  noted.  In  excess,  these  irr^ularly  shaped 
nodules  are  undesirsfole,  rince  the  larger  surface  to  volume  ratio  raises  the  notch  sensitivity  and 
lowers  the  fetigue  and  impact  resistance  of  the  casting.  Figure  33  was  used  to  classify  the 
graphite  size  pa  ASTM  A  247  [3],  MeUiod  for  Evaluating  the  Microstructure  ofGrapfute  in 
Iron  Castings.  The  avmage  graphite  dimension  measured  was  widtin  die  5-6  size  cl^.  The 
average  nodule  count  measured  from  three  samples  of  each  track  shoe  was  appioxima^y  132 
per  sq.  mm.  nodules,  which  is  considered  acceptable,  although  slighdy  less  than  optimal  for 
Grade  15(V10(V7  CADI. 
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The  microstnidiire  of  CADI  foUowing  the  austempering  process  for  Grade  lSO/100/7  CADI 
pv  ASTM  A  897  should  consist  of  an  even  disperskn  of  grai^te  sphercnds  in  a  matrix  of 
adcolar  fierrite  and  carbon-rich  austenite,  which  has  been  termed  aurferrite.  A  4%  Picral 
etchant  was  api^ied  to  the  ptriished  surfaces  of  the  samples,  in  order  to  ^camine  resultant 
structme.  The  etched  miciostnictuie  revealed  the  grapiute  spheroids  in  a  matrix  of  what 
a^ipeared  to  be  ausfnrite  (Rguie  34).  It  was  difficult  to  discern  the  microstructure  of  the 
etdied  CADI  through  use  of  black  and  white  j^iotomicroscopy.  The  CADI  industry  utilizes 
obkv  pbottxnicroscopy  when  inspecting  the  ^ructure  of  CADI.  A  widely  accq)ted  method  of 
heat  tinting[4]  was  utUized  by  ARL  to  colorize  die  microstructure.  This  metfacxl  consists  of 
medianically  perishing  a  section  of  CADI  dirough  silicon  carbide  paqios  of  ascending  grit 
count  (180,  3^,  400,  600).  The  samples  were  further  polished  on  a  pelon  cloth  utilizing  a 
0.S  micron  alumina  solution.  The  samples  were  subsequently  etched  with  2%  Nital,  ami 
placed  within  a  furnace  at  S00>F  for  four  hours,  until  a  blue-black  tint  was  noted  on  the  etched 
surface. 

The  heat  tiuting  tedmique  caused  each  phase  associated  with  the  matoial  to  oxidize  to  a 
different  color.  Referring  to  a  rqxesentative  micrograph  at  lOOx  (Figure  35),  the  blue  r^rni 
rqiresents  unreacted  retained  austenite,  an  undesirri>le  phase.  This  phase  is  usually  located 
within  the  *last-to-fteeze  (LTF)*  r^ion,  and  acts  as  the  weak  link  tqxm  eiqiosure  to  cold 
temperatures  or  loading,  since  it  is  prone  to  transformation  to  martensite  iqxm  cooling  or 
qjpUed  high  stress.  The  white  dots  represent  the  graphite  nodides.  The  reacted  high  carbon 
stabilized  austenite  tinted  purple.  Rdbrring  to  dm  rqiresentative  microgiaidi  of  die  track  shoe 
attterid  at  l(XX)x  (Figure  36),  the  imreacted  retained  austenite  drried  blue,  die  reacted,  high 
carbon  stabilized  austenite  tinted  purple,  the  ferrite  rimed  whHe,  rim  eutectic  carbide  tinted 
bdge,  and  rim  martenrite  shows  as  dM  blue  needles. 

Rdwned  Auacnite  Mcaairement 

X-Ray  diffeacrion  retained  austenite  measurements  were  performed  on  representative  samples 
cf  both  foiled  track  shoes  (fL30  and  fil6)  urilizhig  the  Techmriogy  for  Energy  Corporarion 
(TEC)  Modd  1610  X-Ray  Stress  Analysis  System.  Baaed  on  ASTM  Standard  E  975  [5], 
X-Ray  De$enidmt^  itfReuinedAjuaei^  in  Steel  v/Uh  Near  Random  OyaaUograpMc 
Ortemationt  TECs  retained  austenite  amdysis  software  compares  dm  measured  int^raied 
intensity  of  rim  difftacrion  peaks  from  rim  martenate/fenriie  a^ilHhphase  and  austenite 
gammi-phasm  wrii  calculated  tfmoredcal  intensiries.  (^uanrifomtion  of  rim  martoisite/ferrite 
and  austenite  voltmm  fracrioos  is  possible  because  rim  total  int^iated  intensity  of  the 
triffracrion  peaks  for  each  phase  is  propoftional  to  the  volume  fiacrion  of  that  phase.  Other 
tarystalline  phases,  sudi  as  carirides,  may  generate  diffiracrion  peaks  td  suffident  hitensity  and 
at  aqgularpoariom  so  as  to  interfere  with  the  maiteosite/ferrite  and/or  austenite  peaks 
resttiriag  in  a  friased  percent  retained  austenite  measurement.  For  riiis  reason,  the  volunm 
ftacrioo  of  carbide  or  other  phases  (and  in  rids  material,  graphite  nodules)  should  be 
deiermiimd.  The  TEC  softim  requests  rim  percent  volume  of  carbides  in  the  ample  as  part 
of  rim  analysis  setiqi. 
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Four  specimens  from  each  failed  track  shoe  were  sectioned  utilizing  a  water-cooled  diamond 
saw.  These  san^les  v/ere  denoted  as  #L30-  and  ifR6-  ”A”  through  ”D*,  and  were  taken  from 
similar  locations  on  the  track  shoes.  Standard  metallographic  grinding  and  polishing  methods 
were  eraployed  in  pr^tarir^  the  Bakelite-mounted  specimens  for  image  and  X-ray  analysis. 

All  retained  austenite  measurement  data  woe  obtaii^  with  the  TEC  Stress  Analyzer  in  the 
parafocusing  configuration,  and  from  the  diffraction  of  chromium  K-alpha  radiation  from  the 
(211)  and  (200)  crystallographic  planes  of  the  alpha-j^iase  maitensite/ferrite  and  the  (220)  and 
^(K))  planes  of  the  gamma-phase  austenite.  The  specimens  were  irradiated  at  the  surface  with 
an  approximate  4mm  round  spot  size  at  two  arbtharily  chosen  locations  and  orientations.  Four 
degrees  of  psi-oscillation  was  activated  for  each  measurement  to  circumvent  coarse  grain 
effects  titat  could  be  encountered  in  this  cast  material.  The  Buehler  Omnimet  II  Image 
Analysis  generated  a  gr^)hite  nodule  percent  area  of  1 1 . 1  %  +/-  0.6%  (average  of  four 
readings  from  two  each  #L30  and  #R6  specimens).  These  results  were  incorporated  in  the 
TEC  measurement  program  as  carbide  percentage.  National  Institute  of  Staruiards  and 
Techm^k)gy  (NIST)  S,  15  and  30  percent  austenite  in  ferrite  standard  reference  materials  48Sa, 
486  and  4^,  respectively,  were  used  as  a  means  of  determining  X-ray  measumnent  accuracy 
and  npeatabili^.  Measurements  were  performed  on  ttiese  standards  on  three  sqnrate 
occasions. 

Table  3  lists  the  X-ray  diffraction  retained  austenite  measurement  results.  An  approximately 
uniform  austenite  volume  fraction  was  determined  in  both  track  shoes  r^;ardless  of  where  the 
j^pedmens  were  sectioned  from  the  track  shoes  or  the  X-ray  measurement  location  or 
orientation.  However,  the  #L30  retained  austenite  percentage  is  somewhat  higher  on  average 
than  tile  IR6  (27.4%  compared  to  24.3%).  ChaphitB  nodule  oontent,  shrinkage  ptnosity  just 
bdow  tire  X-ty  irradiated  surface  or  san^  preparation  (tempegsture  or  defoniudion 
transforming  tiie  retamed  austenite  to  manensite)  could  account  for  this  difference,  but  more 
lOody,  it  can  be  atiribured  to  a  variation  in  ttie  diemkal  oompontion  and  possUily  the  heat  treat 
I»obeSs  from  one  trade  shoe  to  tiie  otiier.  No  significant  preferred  mystallogrqihic  orientation, 
ootrre  grain  aze  nor  carbide  interference  in  the  diffiaction  pattern  was  detected  durii^  tiiis 
X-R^  investigation.  Referring  to  SAE  Special  Publication  453(6],  Retained  Aus^nite  and  Its 
itfeonmememx  By  X-Rdy  i70hicr&m,  tire  ratio  of  tiie  integrated  intensities  of  the  austenite 
gamnia-pfose(^())aad(29())diffRactionpeaksshouldbebdween  1.2and  1.8.  Iftheratiois 
outside  this  range  by  mote  tiiaa  2(X)%,  a  severe  |«efened  orientation  or  coarse  grain  size  is 
present  in  tiie  ^ledmen.  Almost  half  of  all  calculated  alirtia-ptiase  int^rated  intensity  ratios 
fdl  witiiin  the  acceptable  range,  while  die  remaining  ratios  were  out  of  range  by  fer  less  than 
tiie  200%  limit,  avmaging  39%  -f /- 17%.  Additionally,  tiie  results  of  a  martensitic/feTritic 
I^iase  residual  stress  measurement  made  with  a  chromium  K-aI]faa  radiation  and  the 
dne-squared  psi  metiibd  utiliziag  ten  positive  psi-angles  fertiier  indicated  that  neither  of  these 
severe  texture  effects  existed.  Though  pblishii^-induced  stress  was  mea  the 
s^ipleinfental  rdative  integrated  intensity  data,  (uniform  and  averaging  2,147  +/-  61  for  all 
ten  pri^u^les)  suggested  a  random  m  near  random  orientation.  Smooth,  consistent  diffracted 
peak  shapes,  mddenoe  of  other  than  a  coarse  grain  structure,  were  observed  throughout  the 
reused  austenite  and  residual  stress  data  collecthms.  These  results  were  anticipated  since 
cailh^  have  tittie  preferred  orientation. 
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Tables 

Retained  Austenite  Measurement  results  from  NIST 
Standard  Reference  Materials  and  CADI  #L30  and  #R6  Specimens 


Soeamai 

Mcasuremcat  Location 

Retained  Austenite  (%) 

NtSTS%Stiiiitenl48Sa 

Center 

4.3  +/-0.2 

(ID056.4.40«) 

NIST  ISXSundMd  486 

Onter 

13.4  +/-0.6 

(ID  462.  14.72%) 

NIST30%StSfidttd487 

Center 

29.9  +/-0.9 

(ID  105,  31.32%) 

»L30A 

1 

27.0 

2 

25.5 

«L30B 

1 

26.6* 

2 

28.3* 

#L30C 

1 

28.5 

2 

29.0 

fL30D 

1 

26.9 

fR6A 

1 

23.9 

2 

24.2 

«R6B 

,  '  1 

26.1 

2 

26.4 

«R6C 

1 

24.1 

2 

22.7 

#1160 

1 

22.8 

• 

2 

23.8 

*  -  Aver^  of  tmo  measurements 

Note:  lOOD^tedmen  size  probRnted  a  second  measurement  location 

The  TBC  method  of  carbide  interfeicnoe,  preferred  oriemation  and/or  coarse  grain  size 
evalaatiofi  mdbded  thea^duhpliase  marteiwte/fetrite  (211)  and  (200)  difinctkxt  peaks 
integrated  limMriQf  ratio  along  wife  fee  austenite  intensity  ratio  as  sts^  above  (excqrt  fbr 
T6C*s  aooqrtanoe  range  of  1.1  -  l.Q.  The  rnaitensite/ferrite  ratio  fbr  these  two  peals  should 
bebetweha  Sand  11.  AU  rtf  the  track  few  specinieris  alpfaaiihase  inti^tatedintetisty  ratios 
atere  bdow  this  ra^  wife  fee^ues  felfittg  between  6.2  and  7.8  for  an  out  oi  range  average 
of  15%  ■(■/-6%.  This  si^gests  feat  fee  a4feBr|feaae(20G)  peak  oontafeed  carbide  reflect!^ 
However,  if  fee  200%  out  of  tar^  limit  is  ippiopriate  fix  fee  madensite/fiertite  intensity  ratio 
as  wife  ^  austenite  ratio,  feen  fee  interfieienoe  fee  cartrides  could  be  omifelmed 
Mg^^le.  (It  feould  be  noted  feat  the  ASTM  standard  and  SAE  publication  retained 
atshufee  rnemureinBttt  piooefeiies,  integrated  intendty  ratio  aocqrtanoe  ranges  and  feeoretical 
reladve  intensity  fectors  weie  devdoped  or  calcolated  for  steels.  Theiefixe,  fee  results  and 
amilynn  reported  hfefei  should  be  dgecdvely  viewed  and  are  presented  as  a  cursory  X-Ray 
iityfedgif^  retained  austenite  in  miaten^wed  ductile  iron). 
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Medanical  Prooeities 

Mechanical  testing  was  performed  on  ^jecimois  sectioned  from  each  of  the  failed  track  shoes. 
ASTM  A  897  qwcifr^  pffqmty  lequirements  including  ultimate  tensile  strength,  0.2% 
yidd  strengdi  a^  percent  dongatkm.  Th^  properties  apply  raily  after  the  austempering  heat 
treatment  The  same  region  of  track  shoe  was  used  in  the  fabrication  of  specimens  from  both 
track  shoe  #L30  and  #R6,  as  diown  schematically  in  Figures  37  and  38,  re^)ectively.  In 
addition,  hardness  testing,  fracture  toughness  testing  and  Charpy  impact  testing  were 
performed.  In  each  case,  die  largest  possible  ^ledmois  were  ^ricated.  However,  due  to 
geometrical  restrictions,  the  tensile,  fracture  toi^ness  and  impact  specimens  were  subsized. 


Tensile  Testing 


Tensiie  coupons  were  secdoned  as  shown  in  Figure  39,  and  tested  in  accordance  with  ASTM  E 
8{7],  Test  Method  ef  Tendon  Testing  efMetaWc  Matertals  (Subsize).  The  results  of  tensile 
testmg  are  listed  in  Table  4.  Spedmens  were  tested  on  a  20,000>lb  capacity  Instron  universal 
dectromednmical  test  madiine,  widi  a  5,000-Ib  load  cell.  A  crosshead  of  O.OS 

indies/minutB  was  utilized,  and  a  1/2  indh-10%  extensometer  was  used  to  measure  strain. 

Td>le4 

Tensile  Test  Results 

Tendle  Coqpons  from  Track  Shoes  fL30  and  #R6 
20,00Q-lb  Instron  Etectromcchanical  Machine 
Room  temperature 


SpedmenlD 

0.2%  l  idd 

(psi) 

UTS 

(psi) 

%RA 

%EL 

it30A 

122.120 

140,030 

2.0 

6.3 

fUQB 

114.S70 

137,300 

2.6 

4.0 

«L30C 

124,120 

160,270 

9.0 

12.3 

iLSOD 

122.400 

139,830 

8.6 

9.2 

fMA 

136.0S0 

179.940 

5.4 

7.0 

fItSB 

i3t.2ao 

184,790 

6.3 

8.6 

ffdc 

143.780 

185,040 

6.8 

7.4 

dtfiD 

141.1S0 

184,130 

7.2 

9.8 

AcoqpttHoefGiidiZ)  iOO.000 

130,000 

N/A 

7.0 

Aoea|il«o»(Gtade3)  12S.OOO 

173.000 

N/A 

4.0 

%ecfahera  <WL30A  and  frdkd  lo  meet  the  ^ledfied  UTS  and  dongation  requirements 
iOT|Siide  ^  S^pedmens  IL30C  and  ilJ3GD  oonformed  to  die  goveming  apedfrcadoa  for 
2  reaped  to  ead^  Eadi  tqiecimen  sectioned  from  ti^k  shoe 

l^il^anfrMrmedtodiegoveniii^q)^  In  general,  die  results  suggeded 

!^iii|i|^iiiensj6awfcat^  from  the  second  faded  track  shoe  were  higher  in  strengdi  than  those 
the  fird  filled  trick  shoe.  Resdts  from  track  shoe  #R6  apedmens  agreed  with 
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those  of  CADI  specimens  tested  by  the  contractor,  in  yield  strength  and  UTS.  However,  the 
%EL  of  the  fR6  ^peciinens  were  lightly  lower  duin  the  contractor  results.  Note  tltt 
variability  betwem  die  specimens  sectioned  adjacent  to  eadi  other  from  track  shoe  #L30. 

Hardness  Testing 

Althoi^  hardness  requirements  were  not  specified  for  this  material,  hardness  testing  was 
performed  for  informational  purposes.  Table  S  lists  the  results  of  hardness  tests  performed 
within  the  tab  r^on  of  each  of  die  four  tensile  coupons  from  track  shoes  #L30 #R6, 
les^iectively. 

Tables 

Rockwell  "C*  MacrvAardness  Test  Results 
Ten^  Coiqxms  from  Track  Shoes  A30  and  #R6 
Room  Temperature 
150  kgf  load 
Diamond  Renetraior 


SanqilelD 

HRC 

Sample  ID 

HRC 

#L3<1A 

32.4 

«R6A 

37.1 

32J 

37.2 

31.8 

37.6 

32.2 

. 

37.0 

fL30B 

32.S 

iHSB 

37.7 

- 

3Z3 

37.7 

31.9 

38.0 

32.2 

37.9 

euoc 

32.6 

me 

37.9 

32.3 

37.5 

32.3 

37.4 

32.1 

36.0 

iUOO 

31.9 

mo 

36.0 

31.6 

37.0 

32.2 

37.7 

32.9 

2Li 

Avwnni  32.2 

37.3 

ASTMAS97*:  37-47  HRC 

ASTM  A897*: 

3747  HRC 

*  -  Hds  hardactt  value  for  Grade  150/100/7  CAIH  is  not  mandatoiy. 

The  hardness  values  fiom  fR6  specimens  were  greater  dian  those  of  #L30  specimens  by  over 
five  Rodcwdl  points.  Mtf^iaogetrf^  hardness,  that  translates  loan  approximate  20,000 
pA  increase  in  UTS  (foom  standard  hardness  conversion  diarts).  This  value  is  consistent  with 
the  magnitiide  of  inoeased  stiengdi  noted  finom  #R6  q^mens  as  compared  to  die  strength  of 
itSOipo^iiens.  It  should  also  be  noted  that  the  values  of  hardness  firm  11(6  speciinens  just 
aieetdihAStM  typical  hardness  range  of  37-47  HRC  (converted  foomBrindl  341-444),  in 
oontiast  with  die  results  from  nJ30  specimens,  which  M  below  this  guideline. 
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Fractwe  Toughness  Testing 


Fiacbire  toi^hness  coupons  were  sectioned  as  shown  in  Figure  39  and  tested  per  ASTM  E  813 
[8],  Test  MetitodJorJ^,  a  Measure  cfFmcnue  Toughness.  The  three-point  bend ‘^wcimens 
were  jneoadced  sd  30  Hz.  uai^  a  20,000-pound  capadty  .lnsaon  servohydraulic  test  machine. 
The  crack  dzes  were  measured  on  each  side  of  the  specimen  and  were  as  ftdlows: 


Sample 

Crack  Sizes  (in.) 
Side  A  Side  B 

Cycles 

#L30A 

0.0518  and  0.0386 

1700 

0L3OB 

O.QSOO  and  0.0322 

2100 

fR6A 

0.0517  and  0.0513 

2600 

fR6B 

0.0546  and  0.0443 

1500 

The  specimens  were  sidtsequendy  seated  on  die  TO.OOO^Kwnd  capnci^  Instton 
dectromechanical  test  machine  at  0.02  inch/minute  crotdiead  speed.  AO.lOOindiopenii^ 
crack  gage  was  utilized  to  obtain  the  load-cradc  opening  dispiacement  plot  ASTME399(9], 
Test  Metitodjbr  PUme-Strttin  Fraeture  Toughness  cfMeutiOc  Materials  was  referenced  in 
analyzing  die  data.  The  following  resnlts  were  obtained: 

Sample  Pq  Ph**  Pmax^q 


iL3QA 

192 

249 

1.26 

9LXm 

183 

263 

1.44 

fR6A 

200 

253 

1.29 

iR6B 

181 

233 

1.30 

One  criterion  states  that  Pmm/Pq  moat  be  less  than  i.lO.  These  speciinens  did  not  meet  this 
criterion,  dius  these  <bta  are  invafid,aoGonfing  to  ASTM  E  399.  The  values  of  Kq  were  found 
to  be  as  follows: 


Sanqile 

K,(ksifSu) 

x2 

#L30A 

35.5 

71.0 

#L3QB 

36.0 

72.0 

#R6A 

43.3 

86.6 

0R€B 

42.1 

84.2 

The  Kq  was  doubled  sinoe  sdbsfaie  specimens  (1/2  the  sizeof  stuidard  apedmens)  were  tested. 
These  results  are  oonriatent  with  th^  ohtained  on  specimens  tested  at  Benet  Laboratories  [10] 
in  a  similar  effort  The  Benet  LriMtatocies  lesuhs  tan^  fhm  76  to  82  ksHfln. 
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Charpy  (Simple-Becm)  Impact  Testing 


Figure  40  shows  Ae  nc»tched  and  mmotcbed  ^mmens  which  were  sectioned  Oom  the  failed 
trade  shoes  and  tested  in  accordance  with  ASTM  E  23[11],  Tea  Methods  for  Ntxched  Bar 
bnpact  Testing  of  Metallic  Materials.  Each  spedinen  was  tested  on  the  240  ft-lb  capacity 
Si^  inqnct  madiine.  lifts  were  utilized  to  maintain  proper  ^)ecimen  height  within  the 
machine.  The  results  of  this  testing  are  listed  in  Table  6. 

Tabled 

Charpy  Impact  Testing  Results 
Impact  Coiqiotts  ftom  Track  shoes  #L30  and 
240  ft'lb  Satec  Inqtact  Machine 
Room  Temperature 
Half-Sized  ^tedmen  (t  •*  0. 197  inch) 


SarndelD 

Condition 

Impact  Energy 
(ft-lbs) 

x2 

(ft-lbs) 

fUQA 

soichBe 

4.0 

8.0 

fL30B 

4.0 

8.0 

#L30C 

.  wmnrhtit 

40.0 

80.0 

#L30D 

tMdied 

41.0 

82.0 

#ib6A 

odeboS 

2.7 

S.4 

fua 

BOtebod 

2.5 

5.0 

fR6C 

VBBOlcbid 

3S.0 

*70.0 

«S6D 

MBtcM 

19.0 

38.0 

AsmAwr-n 

OmhlSOtlWr 

60.0 

Tteinyad  energy  was  doubled  since  itibsizespedmena(one4ialf  the  size  of  standard 
speiteeas)  were  tested.  The  umwlched  rpedmens  tested  met  the  requirement  set  forth  in 
ASTM  A  897fiorGm(te  ISQf  100/7  Charpy  ban  tested  at  70»  -t-/-7»F,  with  the  exception  of 
SuigiielRtiD.  The  results  ftom  trade  shoe  #L30  spedmens  are  higher  in  magnitude  than  the 
resiiti  ftrarn  trade  shoe  fits  spedinens.  This  oorrdaies  to  the  hardness  and  lentile  results, 
sinOe,  in  jtiBoeral,  a  materiai  widi  lower  strengtii  and  dor^ation  (more  ductile)  will  have  a 
iinp§oy  rrii Wines  cnin  «  wromsr  (niore  mtxO€)  mmu* 


Tbs  CAM  Aoes  had  been  firimeated  aoooidiin  to  the  dimennonal  requiiements  of  the 

fbi[Q||ed  oew^ioneni#  In  ftKt,  the  saine  enghwering  dnindiig  was  used.  The  yidd  and  ultimate 

forging  dloy  AISI 8640  or  8740,  (3rade  D,  are . 
oil^MfeiitetO  CAPt  Otede  175/12S/4.  However,  the  percent  dortgation  and  percent 
;l9tidKtioB  te  ana  tfiffisr  substantially.  The  forged  AISI  8640  or  8740  alloy  can  eqoect  to 

pdiattelotiigatk^  to  20%,  and  a  percent  reduction  in  area  of  approximaldy 


50%.  This  is  much  greater  than  the  CADI  value  of  4-7%  eicmgaticn  (Grades  175/125/4  and 
150/100/7,  respectively).  This  agnificant  lack  of  ductility  wmild  adversely  affect  the  impact 
resistance  of  the  CADI  in  service.  Taking  ttiis  into  ccmsideratimi,  it  would  seem  s^ropriate 
that  a  separate  design  would  tutve  U>  be  developed  for  the  CADI  material.  Otherwise,  how 
else  can  a  fair  assessm^t  be  made  of  CADI? 

The  new  design  would  need  to  take  into  account  tlw  appropriate  casting  gates  and  risers.  The 
cross  sectional  thicki^ss  of  the  new  CADI  tfesign  would  most  likely  have  to  be  increased  at 
particular  areas  of  higher  stress.  Evidence  substantiatii^  this  claim  is  shown  by  the  cracking 
of  track  shoe  #R6  which  initu^  at  the  ground  side  of  the  binocular  tube  section.  This  region 
did  not  even  conform  to  the  engineering  drawing  of  the  forged  component  as  required  and  was 
found  to  be  dimenmmaily  under  ttderance  by  apptoximatdy  0.022  inch,  llie  CADI  track 
shoes  that  were  analyzed  contained  several  regions  where  a  thick  s»:tion  abruptly  transitioned 
into  a  ddn  one  and  would  have  diffnent  rsdes  of  cooling  during  casting.  This  coition  caused 
internal  shrinkage  cavities  to  form  whidt  were  noted  on  die  CADI  components  during 
metallograiduc  examination.  These  cavities  were  reladvdy  large,  encompassing  areas 
qiproximatriy  1/4”  x  3/4*.  Overall,  the  track  shoe  design  (aldiough  proven  for  a  forged 
component)  may  not  be  fovoiable  with  respect  to  a  casting. 

Each  of  the  foiled  track  shoes  was  fitted  with  an  ice  cleat  in  service  suggesting  that  an  undue 
stress  conoeotiatioo  may  have  existed.  Craiddng  was  not  confined  to  a  specific  r^on  (the 
track  riioelT.30foilureinitiatfldet  the  bolt  hole  on  the  ground  side,  while  track  shoe  #R6 
cracked  aooss  the  two  *trinocu2ar  hfoes*)  wfaidi  may  indicate  a  design  problem.  The  deep 
grooves  found  oh  the  the  bolt  hde  trade  shoe  #L30  may  have  been  direads 
machined  by  rnutdee,  marks  left  by  inqiact  from  the  deal  bolt  (allowed  to  rub  against  this 
area),  wear  caused  by  service  life,  or  sfoqily  a  poor  duunfor.  In  any  case,  the  marks  may 
have  created  an  unchie  stress  ooooemration  dms  iaitiaiing  foiluie. 

Fiactograpluc  analysis  revealed  that  the  crack  origin  was  located  at  the  bdt  hde  (ground  side) 
on  track  shoe  lOO.  The  crack  inhiaiion  site  was  found  to  be  on  the  ground  side  of  each 
tunocutar  tube  on  track  shoe  Ductile  dtmides  were  observed  on  areas  of  the  fracture 
nirfeoe  which  were  only  reconciled  after  chemkally  removing  some  of  foe  heavy  corrosion 
product 

Qtemical  analysis  revealed  a  hi^  lei^  of  silicon  in  eadi  of  foe  samples  investigated.  This 
could  have  been  due  to  mi  addition  of  ferrosilfooa,  milized  to  boo^  foe  nodule  count  during 
profoictkn.  A  lugber  dum  nom^  sUkon  content  is  less  foan  optinud,  since  foe  fracture 
to^mesi  properties  of  CADI  decrease  with  foe  increase  of  silioon.  In  addition,  dnomium, 
mol^fodemnn,  titninm  nd  copper  were  an  higher  foan  the  ^edffed  limits.  Alfooughfoe 
detetetious  affects  of  higher  Im^  of  these  ^nents  are  miiiimal,  it  does  suggest  poor 
maBufacluier  cfaemicsl  control. 

Mebdlogfiqfoic  exaodiimiott  ^representative  sanqdes  of  the  foiled  trade  shoes  revealed  a 
soioewhat  low  nodule  coimt  for  Grade  150/100/7  CADI.  This  defickney  also  tends  to  affect 
foe  meehmrical  properties  of  this  material,  hi  addition,  some  of  the  nodules  were  "flaked”. 
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is  not  an  opdmsl  tiiape.  This  shape  consists  of  a  high  surface  to  volume  ratio,  which 
tends  to  increase  die  notdi  sensitivity  of  die  nmterial,  while  decreasing  the  fotigim  and  impact 
resistance.  The  etched  and  heat  tinted  ttruchtre  of  the  CADI  sarni^es  resembled  the  typical 
stracture  of  CADI. 

Retained  austenite  measurmnents  were  perfonned,  revealing  contents  of  27.4%  for  track  shoe 
#L30  and  24.3%  for  track  shoe  #R6.  This  difference  in  retained  austenite  content  correlated  to 
die  difference  in  strength  noted  between  the  two  shoes. 

A  yariadon  in  mechanical  properties  between  bodi  the  #L30  and  #R6  samples  was  noted.  The 
tensile  properties  of  A30  ^ledmens  were  dightiy  lower  dian  those  of  fR6.  The  UTS  of  two 
iL30  speciinens  fell  bdow  the  accqmdife  criteria,  as  did  die  %EL  of  two  #L30  qwcimens. 

The  values  attained  for  die  0130  specimens  had  a  idadvdy  huge  spread,  for  a  supposed 
homofeneoro  material.  Eadi  #R6  tensile  specimen  dlitained  values  conforming  to  die 
aoceptabie  criteria  trfASTM  A  897.  Nh»uhardPess  testii^  (aldiough  not  mandatmy 
aceonfiiy  to  ASTM  A  897)  diowed  duu  trade  due  IR6  specimens  met  the  mudmum 
reiiuirenieai,  while  track  Aoe  iL30  spedmens  fell  well  bdow  the  lower  limit.  Fracture 
lou^uess  tedfog  showed  At6  could  widistand  fracture  better  than  fL30  specimens.  Both 
track  shoes  conformed  to  the  alfowable  impact  energy  for  ummldied  pedmens. 


The  testliestto  of  tte  metaBurpcal  invesdgatioa  conducted  on  two  cast  austempered  ductile 
ifOiiT*lS8Ml  taak  trade  dmes  that  were  fidd  tested  at  Fort  Gredy,  Alaska,  stpgested  diat 
the  felliBe  was  the  result  of  poor  part  design  and  process  oontrot.  The  ADI  material  from  die 
tfW  daws  cadribited  a  condderilite  variation  in  aaedimtfcal  pro^^  These  differences  were 

iBod  iOody  caasad  by  variatiaiis  m  the  structure  nd  coiipodtion  of  the  castings  brfore  the 
miwuptnin  noK  iminwitt.  a  ntgiwr  mn  opoim  micoo  oowcot  uocmsM  tne  unpBcc 
irddance  of  die  track  shoes.  Moreover,  die  CAIH  trade  dioes  were  fabricated  according  to 
die  failed  slBd  eagfoeming  drawing.  A  sqiarate  CADI  drawiip  diould  be  devdoped 
iflcoipoiating  a  dtidoercroo  section  to  tncrearoinpectredstance.  Some  seetkm  thicknesses  in 
the  regioii  of  cracks  were  coasidenbly  bdow  the  requirements  of  the  forged  component 
dntwhig.  The  combined  kywer  ductility  and  impect  resistance  of  CADI  compared  to  the  forged 
sted  and  the  redaoed  section  dddmess  reduced  die  load  bearing  capadty  of  the  CADI  track 
tiioes* 
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ft  was  not  the  purpose  of  fliis  fiulure  investigation  to  dismiss  CADI  as  a  viable  track  shoe 
material.  Too  many  external  fiKton  umdated  to  CADI  led  to  these  &ilures,  making  it 
difficult  to  blame  them  on  the  material  itself,  such  as: 

*The  additional  stress  induced  by  the  attached  ice  cleats, 

*The  overall  design  of  the  track  shoe  with  respect  to  casting, 

*The  CADI  shoe  fabricated  to  the  same  dimensions  as  the  forged  shoe, 

*Tbe  dimensional  undertcdetance  of  the  CADI  shoe  in  some  areas, 

*Poor  manufacturing  tedmiques  (i.e.,  additional  silicon,  some  flaked  nodules)  led  to 
sid>-par  medianicai  properties  for  track  shoe  #L30. 

A  fiurer  assessment  of  the  use  of  CADI  in  dus  apfdkation  would  occur  if  each  of  the  above 
tactors  were  aaotcsseo. 
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FIGURE  1  Fai  led  track  shoe  #L30  in  the  as  received  condition.  Reduced  8  0  % 


FIGURE  2  Eailed  track  shoe  #R6  in  the  as-received  condition.  Reduced  80% 
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FIGURE  4  Schematic  showing  regions  of  dimensional  inspection  for  each  of  the  failed  track 
shoes. 
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FIGURE  5 


FIGURE  6 


Macrograph  showing  area  of  minimum  thickness  on  the  binocular  tube  of  track 
shoe  #R6.  Mag.  lOx.  (Scale  in  millimeters). 


Macrograph  showing  thickness  of  the  #R6  binocular  tube  on  the  ground  side. 
Mag.  lOx.  (Scale  in  millimeters). 
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FIGURE  7  Macrograph  showing  failed  half  of  track  shoe  #L30.  Reduced  60% 


arrows  indicate  crack  origin 


ground 


side 


FIGURE  8  Schematic  showing  method  used  to  section  the  fracture  surfaces  apart  from  track 
shoe  #L30. 
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Fracture  Face  A 


Fracture  Face  B 


FIGURE  9  Fracture  faces  A  and  B,  respectively,  of  track  shoe  #L30.  Chevron  pattern 
converges  to  ground  side  of  track  shoe  bolt  hole.  Mag.  1.25x. 


FIGURE  10  Macrograph  of  Eracture  Eace  C  of  track  shoe  #L30.  Chevron  pattern  converges 
to  ground  side  of  track  shoe  bolt  hole.  Mag.  1.25x. 
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FIGURE  11  Fracture  Face  D  of  track  shoe  #L30.  Chevron  pattern  converges  to  ground  side 
of  track  shoe  bolt  hole.  Mag.  1.25x. 


FIGURE  13  Magnified  view  of  the  underside  of  the  cracked  holt  hole  of  track  shoe  #L30 
(wheel  side).  Mag.  lx. 


Track  Shoe  AL30 


Track  Shoe  #R6 


FIGURE  14  Comparison  of  the  holt  holes  of  each  track  shoe.  Mag.  7.5x. 
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secondary  crack 


FIGURE  15  Blacklight  photograph  showing  wear  on  underside  of  holt  hole.  Notice  the 
secondary  crack  revealed  through  magnetic  particle  inspection.  Mag.  2x. 


FIGURE  16  Enlargement  of  the  crack  origin  on  Fracture  Face  B.  Mag.  lOx. 
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FIGURE  18  Macrograph  showing  failed  half  of  track  shoe  #R6.  Reduced  6  0%. 
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#R6. 


27 


Figure  2 


Photo  montage  showing  fracture  faces  A  and  C.  Arrow  indicates  fracture  origin,  as 
highlighted  by  chevron  patterns  and  river  markings.  Mag.  2x. 


Figure  22  Photo  montage  showing  fracture  faces  B 
^  highlighted  by  chevron  patterns  and  nve 


md  D.  Arrow  indicates  fracture  origin,  as 
markings.  Mag.  2x. 


FIGURE  24  Fracture  origin  of  fracture  face  B,  of  track  shoe  ;/R6.  Mag.  7.5x 
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FIGURE  26  SEM  showing  representative  morphology  of  a  less  corroded  region  of  the 
fracture  surfaces.  Mag  .  500x. 
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FIGURE  28  SEM  of  another  area  of  ductile  dimples  noted  on  a  less  corroded  region  of  the 
fracture  surfaces.  Mag.  2000x. 

32 


FIGURE  30  High  magnification  SEM  photograph  of  the  fracture  surface  of  a  laboratory 

tested  impact  specimen.  Note  the  ductile  dimples,  similar  to  those  found  on  the 
fracture  surface  of  the  failed  track  shoes.  Mag.  800x. 
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First  Machine  Cut 
Fracture  Face 


crack  origin 


shrinkage  cavity 


Schematic  of  sectioning  diagram  for  metallographic  and  retained  austenite 
samples  from  traek  shoe  itl-.'iQ.  Similar  specimens  were  seetioned  from  traek 
shoe  #R6. 


HGURE  3  1 


FIGURE  32  Large  shrinkage  eavity  noted  on  traek  shoe  #L30  metallographic  specimen, 
Mag.  12. 5x. 
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FIGURE  33  As-polished  representative  microstructure  of  a  CADI  sample,  showing  the 

graphite  nodules.  Nodule  count  was  determined  to  be  132  per  sq.  mm.,  while 

nodule  size  was  approximately  5  to  6,  according  to  ASTM  A  247.  Mag.  lOOx 


FIGURE  35  Typical  structure  of  CADI  when  polished,  etched  with  4%  Picral  and  heat  tinted 
at  50OF  for  4  hours.  Mag.  lOOx. 


FIGURE  36  Higher  magnification  of  structure  of  CADI  when  polished,  etched  with  4% 
Picral  and  heat  tinted  at  500°F  for  4  hours.  Mag.  lOOOx. 
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bolt  holes 


T  =  Tensile  FT  =  Fracture  Toughness 
NC  =  Notched  Charpy  Impact 
UN  =  Unnotched  Charpy  Impact 

FIGURE  37  Mechanical  property  specimens  sectioning  diagram  for  track  shoe  ^L30. 


T=Tensile  FT  =  Fracture  Toughness 
NC  =  Notched  Charpy  Impact 
UN=Unnotched  Charpy  Impact 

FIGURE  38  Mechanical  property  specimens  sectioning  diagram  for  track  shoe  #R6. 
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FIGURE  39 


FIGURE  40 
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G=0.5’’ 
W  =0.  125 
T=  1/8" 
R=  1/8" 


L=2" 

A  =5/8" 
B=5/8" 
C=3/16 


Schematic  of  the  tensile  specimen  utilized  for  CADI  testing. 
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B  =  0.5W 


Notch 


B=0.2" 
w  =0.4" 
4.5W=1.8" 
0.2W=0.08" 


0.1W=0.04" 

0.5W=0.2" 

a„=0.24 

N=0.025 

V0.1W=0.20 


Schematic  of  the  fracture  toughness  specimen  utilized  for  CADI  testing. 
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A=2.165"  R=0.010" 

0=0.394"  T  =0.197” 

N=0.315"  o<=45“ 

FIGURE  41  Schematic  of  the  notched  and  unnotched  Charpy  impact  specimens  used  for 
CADI  testing. 
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